ABSTRACT We examined the genetic structure of populations of an ambrosia beetle, Xylosandrus brevis (Eichhoff) (Curculionidae: Scolytinae), to understand its colonization dynamics. We collected specimens from 20 sites in Japan and studied the genetic structure of these populations using portions of the mitochondrial cytochrome oxidase I gene (COI). A phylogenetic analysis showed three distinct lineages (clades A, B, and C) within X. brevis. Clade A had 65 haplotypes from all the populations, except for populations from Nagano (Chiisagata-gun) and the Ryukyu Islands (Ishigaki), whereas clade B had 14 haplotypes from nine populations (Yamagata, Saitama, Shimo-Minochi-gun, Chiisagatagun, Toyota, Watarai-gun, Wakayama, Tottori, and Kochi), and clade C had 6 haplotypes from the Ryukyu Islands (Ishigaki) population (and nowhere else). Nested clade phylogeographic analysis showed 65 clade A haplotypes and 14 clade B haplotypes geographically structured in two clades, respectively. A contact zone was identiÞed in the Chubu and Tokai areas. Our results suggest that gene ßow and individual movement of X. brevis between the Ryukyu Islands and the other three main islands of Japan has been rare, and X.
Ambrosia beetles (Curculionidae: Scolytinae and Platypodinae) have close relationships with symbiotic fungi; they bore into the xylem of woody plants and feed on fungi that they culture on the walls of the tunnels (Beaver 1989 , Nobuchi 1994 , Kajimura 2003 . Xylosandrus brevis (Eichhoff) is a common ambrosia beetle of the subfamily Scolytinae. The biology of X. brevis was well documented by Kinuura (1993) . Only adult females disperse and Þnd a new host for reproduction. The sex ratio is strongly female-biased; males are rare, reduced in size, and ßightless. Newly emerged females mate with their brothers (inbreeding) after eclosion in the tunnels.
This species was originally distributed throughout eastern and southeastern Asia (Tibet, Japan, Korea, Taiwan, and Thailand) (Nobuchi 1981, Wood and Bright 1992) . In Japan, this beetle is found in Honshu, Shikoku, Kyushu, and the Ryukyu Islands (Nobuchi 1981 (Nobuchi , 1985 Uchida et al. 2006) . The former three islands belong to the Palearctic zoogeographic region and the Ryukyus to the Oriental region. The Tokara Strait marks the border between the two regions (Watase line). Therefore, this beetle is extensively distributed across zoogeographic borders throughout Japan.
In previous studies, we found that X. germanus (Blandford) has little variation in genetic structure throughout populations of the Japanese islands (Honshu, Shikoku, and Kyushu) (Ito et al. 2008) , and X. crassiusculus (Motschulsky) has a different genetic structure between the populations of the Ryukyu Islands and the other Japanese islands (Hokkaido, Honshu, Shikoku, and Kyushu) and between populations within Honshu and Shikoku (unpublished data). The two species have similar ecological traits including female-biased sex ratio and inbreeding (Kaneko et al. 1965 , Weber and MacPherson 1983a , Atkinson et al. 1988 , although the number of available host tree species of X. crassiusculus is smaller than that of X. germanus. X. crassiusculus has 124 host species in the world (Schedl 1963 [as Xyleborus semiopacus Eichhoff]; Atkinson et al. 1988 ) and 31 species in Japan (Kabe 1959) , whereas X. germanus has 220 Ð264 host species in the world (Weber and MacPherson 1983b) and 146 species in Japan (Nobuchi 1981) . Our previous study suggested that this different range of hosts may restrict the forest types that can be colonized by X. crassiusculus (Ito and Kajimura 2009 ). The number of available host tree species of X. brevis is much smaller than that of X. crassiusculus and X. germanus. X. brevis has only 19 host species in the world (Wood and Bright 1992) and 18 species in Japan (Nobuchi 1981) . As a result, X. brevis may be more severely restricted in the range of forest types that it can colonize compared with X. crassiusculus. Wood borers can also disperse through driftwood (Oevering et al. 2001) ; this dispersal mode has been important for X. brevis in the Ryukyu Islands. Thus, the population structure of X. brevis may be more complex than that of X. germanus and X. crassiusculus.
In this study, we examined the genetic structure of Japanese populations of X. brevis, including those of the Ryukyu Islands, to provide insights into the factors that have affected the establishment of individual populations. We discuss the features of the genetic structure and genetic diversity of X. brevis in Japan with particular reference to the genetic structures of X. germanus (Ito et al. 2008) and X. crassiusculus (Ito and Kajimura 2009 ).
Materials and Methods
Insects. We collected samples of X. brevis from 20 sites in Japan (Table 1) . To capture living adults, we felled host trees (Lindera spp. and Acer spp.) at four sites (YMT, AIT, KTM, and TTT) in 2004 and set up Nagoya University (Meidai) traps (Ito and Kajimura 2006) baited with 99.5% ethanol at all the sites in 2005Ð2007 except for YMT in 2005. For our analysis, from each site, we used 2Ð21 females that had matured in the trees and were lured into the traps (Table 1) . We also collected adult females of X. crassiusculus and X. germanus at AIT using the traps and chose one individual each of these species as outgroups for the phylogenetic analyses. All specimens were preserved at Ϫ20ЊC in 99.5% ethanol until analysis.
DNA Extraction and PCR. Total DNA was extracted using the Chelex method (Walsh et al. 1991 ) with some modiÞcations. All muscle tissue from the abdomen of each adult female was sampled, and 200 l of Chelex 100 sodium (0.26 g/5 ml; Bio-Rad Laboratories, Hercules, CA) and 4 l of proteinase K (20 mg/ml; Novagen, Nottingham, UK) were added. The samples were incubated at 56ЊC for 3 h. After incubation, the samples were stirred for 10 s using a vortex mixer and were heated at 99ЊC for 3 min to inactivate the proteinase. The solutions were stirred again for 10 s and centrifuged at 14,000 rpm for 2 min to collect the supernatant, which was adjusted to a standard mixture density (1 ng/l) by adding Tris-EDTA (pH 8.0).
For each sample, we ampliÞed a fragment of Ϸ800 bp of mtDNA genes that included portions of the cytochrome oxidase I gene (COI) by means of the polymerase chain reaction (PCR) using the following primer set: C1-J-2183 (5Ј-CAA CAT TTA TTT TGA TTT TTT GG-3Ј; Simon et al. 1994 ) and TL-2-N-3014-ANT (5Ј-TGA AGT TTA AGT TCA ATG CAC-3Ј; Ito et al. 2008) . For the PCR analysis, we mixed 1 l of the extracted DNA, 2 l of each primer (5 pmol/l), 0.8 l of dNTP (TaKaRa, Otsu City, Shiga Prefecture, Japan), 1 l 10ϫ PCR buffer (TaKaRa), 0.1 l of TaqDNA polymerase (5 U/l, TaKaRa), and 3 l of distilled water in a 10-l total volume. Thermal cycling conditions were a 94ЊC denaturing step for 1 min, followed by a 48ЊC annealing step for 1 min, and 72ЊC extension for 2 min. This cycle was repeated 40 times, after which the samples were refrigerated at 4ЊC until the reaction tubes were removed from the PCR machine.
Purification of PCR Products and DNA Sequencing. The PCR products were puriÞed using a QIAquick PCR puriÞcation Kit (Qiagen, Valencia, CA). Direct sequencing was performed with the ABI Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA), using the same primer set that we used for the PCR reaction. Sequencing was conducted with an ABI PRISM-3100 Genetic Analyzer (Applied Biosystems).
Data Analysis. Sequencing data were aligned using the BioEdit ver. 7.0.2 software (Hall 1999) . Calcula- tions for numbers of transitional and transversional pairs and nucleotide ratios were performed using the MEGA 4 software (Tamura et al. 2007 ). In addition, calculations for G-C composition, genetic diversity (haplotype diversity), nucleotide diversity, and the rate of mutation by transition were performed using the Arlequin ver. 3.0b software (ExcofÞer et al. 2005) .
For the phylogenetic analysis, we chose the neighborjoining (NJ) method (Saitou and Nei 1987) and the maximum-likelihood (ML) method (Felsenstein and Churchill 1996) using MEGA 4 software (Tamura et al. 2007 ) for the NJ methods and PHYLIP ver. 3.65 software (Felsenstein 2004 ) for the ML method. Genetic distances (D) were established using the Tamura-Nei genetic distance model (Tamura and Nei 1993) , and 1,000 bootstrap replications were performed to statistically evaluate the matrix tree. The ML analysis also used 1,000 bootstrap replications.
To study the phylogeography of X. brevis, we used nested clade phylogeographic analysis (NCPA; Templeton et al. 1995; Templeton 1998 Templeton , 2004 , with the analyses performed using software NCPA (Panchal 2007) . A statistical parsimony network was constructed using TCS ver. 1.18 (Clement et al. 2000) . Cladogram nesting was performed manually, and tip and interior clades were determined following Templeton et al. (1987) , Templeton and Sing (1993) , and Templeton et al. (1995) . To resolve ambiguous connections (loops), we applied three criteria, as suggested by Pfenninger and Posada (2002) , based on predictions from coalescent theory (Crandall and Templeton 1993) . Two distance measures, clade distance (Dc) and nested clade distance (Dn), were obtained, and their signiÞcance was determined using 10,000 permutations. Phylogeographic interpretations for each clade with signiÞcant geographical association were inferred using the latest revised inference key (Templeton 2004) .
Results and Discussion
Sequencing COI from the mtDNA of X. brevis aligned 798 bp, of which GÐC comprised 31.34% of all base pairs. Based on these results, we deÞned 85 haplotypes from 238 individuals. The genetic diversity was 0.9539 Ϯ 0.0074 (SE), and the nucleotide diversity was 0.0576 Ϯ 0.0277 (SE). The number of variable positions in COI totaled 125, and the rate of mutations by transition was 88%. The numbers of transitional and transversional pairs were higher at the third codon (15 and 3, respectively) than at the Þrst codon (4 and 0, respectively) and the second codon (0 and 0, respectively). Nucleotide sequences obtained in this study were submitted to the DDBJ/EMBL/GenBank databases (accession numbers AB 476308 ÐAB 476394).
The NJ tree ( Fig. 1 ) and the ML tree (Þgure not shown) showed striking similarities in topology. The X. brevis haplotypes were clustered as a monophyletic group together with the haplotypes of the outgroups of X. crassiusculus and X. germanus. The phylogenetic analysis of the haplotypes showed three distinct lineages (clades A, B, and C) with high bootstrap values: 100% in composed of clade C, clades A and B, clade A, and clade B (Fig. 1 ). Clades A, B, and C contained 65 haplotypes (Xb 01ÐXb 65), 14 haplotypes (Xb 66 ÐXb 79), and 6 haplotypes (Xb 80 ÐXb 85), respectively. The genetic distance (D) between clades A and B equaled 0.038 and that between clade C and a clade composed of clades A and B was 0.095 ( Fig. 1 ). In the ML tree, the rate of substitutions per site was 3.9% between clades A and B versus 9.7% between clade C and a clade composed of clades A and B (result not shown). These values are roughly equal to values of intraspeciÞc divergence in X. crassiusculus (D ϭ 0.067Ð 0.091; COI divergence ϭ 6.8 Ð10.3%; Ito and Kajimura 2009), an ambrosia beetle belonging to the same genus. In contrast, D values and COI divergence values of X. brevis were smaller than those of X. germanus (D ϭ 0.112Ð 0.136; COI divergence ϭ 12.4 Ð 15.0%; Ito et al. 2008 ). Other Scolytinae species, which share inbreeding and a female-biased sex ratio with the Xylosandrus species (Kirkendall 1993) , also tend to have large values of COI divergence between populations [e.g., Ozopemon brownei Hagedorn, 7.3Ð 13.0%, Jordal et al. 2002a ; Coccotrypes fallax (Eggers), 9.5%, Jordal et al. 2002b] . Therefore, there is little possibility that the X. brevis lineages form a species complex, although only slightly larger COI divergence values of outbreeding species of scolytine bark beetles were calculated for different species of the genera Tomicus (D ϭ 0.104 Ð 0.141; Duan et al. 2004) and Ips (COI divergence Ͼ12.0%; Lakatos et al. 2007 ). X. brevis may, however, contain a cryptic species or a polytypic species. Further research (e.g., comparison of internal morphology and other gene regions, crossbreeding between the clades) is needed to clarify these issues.
The huge genetic divergences may be derived from inbreeding and female-biased sex ratio. With no outcrossing, Þxation of mutations in sib-mating beetles including Scolytinae species is virtually instantaneous (Jordal et al. 2002b ). Female-biased sex ratio may promote accumulation of the mutations, because mitochondrial DNA is normally inherited exclusively from the mother.
Haplotype Xb 02 was detected at eight sampling sites (IWI, NGM, NGS, TYN, MEM, MEI, MEW, and KYN; Table 2 ). Haplotype Xb 67 was found at four sites (SIC, NGM, NGC, and AIT), haplotype Xb 09 was found at three sites (SIC, AIT, and AIY), and haplotypes Xb 06, Xb 11, Xb 23, Xb 37, Xb 72, and Xb 73 were each found at two sites (SIC and AIT, SIC and CBK, NGM and MEM, AIT and AIY, NGM and NGC, and MEW and WKT, respectively). All other haplotypes were found at a single site. Clade A contained haplotypes from all populations except NGC and OKI, whereas clade B contained haplotypes from nine populations (YMT, SIC, NGM, NGC, AIT, MEW, WKT, TTT, and KUH), and clade C contained six haplotypes from the Ryukyu Islands population (OKI) (Fig. 2) . The large genetic difference between the Ryukyu Islands and the other regions ( Fig. 2; Table 2 ) suggests that the ocean between Kyushu and the Ryukyu Islands forms a geographic barrier against gene ßow in X. brevis. We have found that a congeneric ambrosia beetle, X. crassiusculus, also has different genetic lineages between the populations of these two areas (Ito and Kajimura 2009 ). X. brevis may have developed into two lineages (clade C and a clade composed of clades A and B) because the Ryukyu Islands became permanently isolated from Kyushu in at least the later Pliocene (Ota 1998) . In a spruce bark beetle, Dendroctonus rufipennis Kirby, two geographically separate populations became differentiated 1.7 million years ago (MYA) (Maroja et al. 2007 ). Assuming the same substitution ratio, the differentiation between clade C and a clade composed of clades A and B of X. brevis occurred four MYA (in the early to middle Pliocene). Although wood borers such as ambrosia beetles have been shown to disperse by driftwood Table 1 . Haplotype codes Xb 01Ð85 correspond to the haplotypes in Table 2 . Xc and Xg represent X. crassiusculus and X. germanus, used as outgroups. Table 1 .
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ITO AND KAJIMURA: GENETIC STRUCTURE OF X. brevis (Oevering et al. 2001) , this form of dispersal may not have arisen in other three main Japan Islands. We have also found this same pattern of distribution and differentiation in another ambrosia beetle, X. crassiusculus (Ito and Kajimura 2009 ). The phylogeographic structure and historical biogeography of X. brevis populations were further analyzed using NCPA, although their accuracy might be low for the following reasons: there are many haplotypes and most are found in only one sample site (Table 2) , and the sample sizes for some populations are Ͻ10 (Table 2 ). In the statistical parsimony network, all 65 clade A haplotypes were connected within the 95% connection limit of 31 steps, with all loops resolved (Fig. 3) . In the same network, all 14 clade B haplotypes and all 6 clade C haplotypes were connected within the 95% connection limit of 17 and 6 steps, respectively (Fig. 3) . NCPA showed that 10 of 90 clades showed a nonrandom association between clade and geographic location (Table 3) .
Within clade A, clade 5Ð3 was inferred with two rooting options: a contiguous range expansion at clade 4 Ð2 as interior and restricted gene ßow with isolation by distance at clade 4 Ð 4 as interior. It, however, has not been possible to conÞrm which rooting options are correct. Within clade 4 Ð2, the tip clade 3Ð3 was found in eastern and central Japan (SIC, NGS, AIT, and AIY) and the interior clade 3Ð2 was found in the Kanto area (SIC and CBK) ( Fig. 3; Table 2 ). Within clade 4 Ð2, long-distance colonization and/or past fragmentation was inferred (Table 3 ). In addition, the distribution of clade 3Ð2 did not overlap that of clade 3Ð3, with the exception of the SIC population ( Fig. 3; Table 2 ). These results suggest that, in clade 4 Ð2, X. brevis may have colonized the southern parts of the Chubu and Tokai areas from the Kanto area. For a similar reason, X. brevis belonging to clade 3Ð2 may have migrated from west to east in the Kanto area. Within clade 4 Ð 4, the tip clades 3Ð 6 and 3Ð 8 were found in Kyushu (MYK) and Shikoku (KUH), respectively ( Fig. 3 ; Table 2). The interior clades 3Ð 4 and 3Ð10 were found in northern, central, and western Japan (IWI, YMT, NGM, NGS, AIT, TYN, MEM, MEI, MEW, KTM, KTN, and WKT), Wakayama Prefecture (WKT), and Tottori Prefecture (TTT), respectively. Within clade 4 Ð 4, restricted gene ßow with isolation by distance was inferred for one four-step clade (4 Ð 4), one three-step clade (3Ð 4), and one two-step clade (2Ð7). These results suggest that the distributional range of X. brevis in clade 4 Ð 4 may be divided into four local populations: 1) Tohoku, Chubu, and Kinki, 2) SanÕin, 3) Shikoku, and 4) Kyushu. In addition, there seems to have been little gene ßow among these local populations. Within clade 1Ð11, interior clade Xb 02 was found in the Tohoku, Chubu, Hokuriku, and Kinki areas (IWI, NGM, NGS, TYN, MEM, MEI, MEW, and KTN; Table 2 ). Within clade 1Ð11, tip clades were from the Kinki area (MEM, MEI, MEW, KTM, and KTN), except for Xb 01 and Xb 03 (Table 2) . Therefore, the source populations for this clade may be in Table 2 ). The size of the circles is proportional to sample size. n values represent the sample size (number of individuals) from each population. Population names are deÞned in Table 1 . Xb05, 06, 09, 27, 28, 29, 32, 35, 36, 02, 03, 24, 38, 42, 43, 44, 45, 46 1-11 1-47 1-35 the Kinki area. Moreover, within clade 1Ð11, longdistance colonization and/or past fragmentation was inferred (Table 3 ). This result suggests that X. brevis may have spread northeastward from the Kinki area. In conclusion, these Þndings suggest that the X. brevis populations in clade A spread from two source populations (Kanto and Kinki populations) through three routes and have formed three isolated populations in SanÕin, Shikoku, and Kyushu.
In clade B, restricted gene ßow with isolation by distance was inferred for a four-step clade (4 Ð3) (Table 3). This result suggests that in clade B, as in clade A, there had been little gene ßow between distant populations. Long-distance colonization possibly coupled with subsequent fragmentation or past fragmentation followed by range expansion was inferred for a three step (3Ð7) and a two step (2Ð10) ( Table 3) . Within the clade 3Ð7, the tip clade 2Ð10 and the interior clade 2Ð11 were found in western Japan (MEW, WKT, and TTT) and eastern, central, and western Japan (SIC, NGM, NGC, AIT, and MEW), respectively ( Fig. 3; Table 2 ). Therefore, X. brevis may have spread westward from central Japan. In addition, within the clade 2Ð10, the interior clade 1Ð 40 was found in only Tottori Prefecture (TTT), but the tip clade 1Ð21 was found on the Kii Peninsula (MEW and WKT) ( Fig. 3; Table 2 ). These results suggest that X. brevis may have spread to the Kii Peninsula from the SanÕin area. Within clades 3Ð7 and 2Ð10, however, it was not clear whether X. brevis has colonized distant areas during distinct events or whether the populations were once contiguous and had become fragmented. Within clade 2Ð11, contiguous range expansion was inferred, although the 2 value was not signiÞcant (Table 3) . Haplotypes in interior clade 1Ð 41 and tip clade 1Ð22 were mainly found in central Japan and only in Nagano Prefecture (NGM and NGC) and Mie Prefecture (MEW), respectively ( Fig.  3 ; Table 2 ). Therefore, X. brevis may have expanded in some directions from central Japan. However, a more thorough sampling design will be needed to clarify the causes to form population structure in Japanese X. brevis.
We propose two scenarios for how the genetic structure of Japanese populations of X. brevis arose: (1) the species had already developed into three lineages before colonizing the Japanese islands, or (2) it rapidly differentiated after colonization and then established the separate lineages. In scenario 1, clade A and clade B colonized Honshu, Shikoku, and Kyushu, and clade C colonized the Ryukyu Islands. In scenario 2, clade C Þrst differentiated from the ancestral members that were common to the three lineages in the Ryukyu Islands. Subsequently, clades A and B differentiated from their common ancestor in the other main Japanese islands. Judging from the time of divergence, scenario 1 may be more likely to be Þt the genetic structure in Japan than scenario 2. The differentiation between clade A and clade B occurred 1.65 MYA (in the early Pleistocene) when land bridges formed and disappeared multiple times between the Japanese islands and the Eurasian continent (Saito et al. 2006) . Further studies involving foreign populations will be needed to clarify these scenarios. In both scenarios, subclades within clades A and B were able to form in the three main Japanese islands because differentiation of the subclades occurred 0.36 Ð 0.24 MYA. Therefore, the three isolated populations and three source populations may have formed in the late Pleistocene. The present distributions of X. brevis may have formed during the interglacials of the Pleistocene and/or in the postglacial period since the end of the Pleistocene. In colonization dynamics, X. brevis of clade A may have expanded westward from the Kanto area and northeastward from the Kinki area, subsequently forming the contact zone in the Tokai and Chubu areas (Fig. 4) . Contemporaneously, X. brevis in clade B could have expanded in several different directions from central Japan (Fig. 4) . Similar patterns have been reported for other beetles. For example, a different genetic structure and diversiÞcation of haplotypes between northern and central European populations of a bark beetle, Pityogenes chalcographus L., was explained by the populations being divided during the last glacial period and coexisting in the subsequent interglacial (Avtzis et al. 2008) . In Japan, especially the main islands of Honshu, Shikoku, and Kyushu, the genetic structures of ambrosia beetles were shown in three Xylosandrus species, all of which coexisted in most of the sampling sites (Ito et al. 2008; Ito and Kajimura 2009 ; this study). The genetic structures of X. brevis and X. crassiusculus were more complex than that of X. germanus. In addition, X. brevis had the largest value of genetic diversity (COI diversity) among the three species. These species have similar ecological and reproductive traits (Kaneko et al. 1965; Kirkendall 1983 Kirkendall , 1993 Weber and MacPherson 1983a; Atkinson et al. 1988; Kinuura 1993) . They have different numbers of host plant species, however, which represents an important difference in ecological niche (Kajimura 2002) : in Japan, X. brevis has 18 host species (Nobuchi 1981) , X. crassiusculus has 31 species (Kabe 1959) , and X. germanus has 146 species (Nobuchi 1981) . Thus, the narrower the range of host species, the more severely that ambrosia beetles seem to be restricted in colonization. The similar conclusion was reached in a comparative genetic study of two bark beetle species, Dendroctonus jeffreyi Hopkins (specialist) and Dendroctonus ponderosae Hopkins (generalist) between two local areas (Kelley et al. 2000) . However, host trees may essentially be selected by the symbiotic fungi on which the ambrosia beetles depend. Further research is required to determine whether such a link exists between fungal biology and genetic structure of ambrosia beetle populations. 
